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METHOD FOR CALCULATING EFFECTS OF DISSOCIATION ON FLOW

VARIABLES IN THE RELAXATION ZONE P3HIND

NORMAL SHOCK WAVES

By John S. Evans

SLMMARY

Generalized expressions and charts which depend on the shock Mach
number, the initial state of the gas, and an enthalpy parameter (the
enthalpy divided by the ratio of the pressure to the density) are presented
for the temperature, pressure, density, and flow velocity behind a shock
wave. The charts @ an enthalpy plot for dissociated air have been used
to find the relation in graphical form between the degree of dissociation
in air and the enthalpy psrameter. Plots are presented of the resulting
dependence of the flow variables on the degree of dissociation.A

Because the chemical reaction rates needed to predict the dependence

+ of degree of dissociation on distance behind the shock are not known,
order-of-magnitude estimates of’their values have been used in a numerical
example, the purpose of which is to illustrate the use of reaction-rate
equations to predict relaxation time and distance behind the shock front.

One of the problems
the determination of the
produced by strong shock

INTRODUCTION

associated with flight at hypersonic speeds is
effects on the air of the high temperatures
waves. Among these effects, dissociation of

the diatomic molecules 02 snd N2 is of considerable concern because

the large amount of ener~ required for dissociation constitutes a heat
sink which reduces the air temperature, sometimes by thousands of degrees,
from its undissociated value. On the other hsnd, the tendency of atoms
to recombine on a surface and yield the heat of dissociation may consti-
tute an additional heat-transfer mechanism which could cause an increase
h aerodynamic heating.

Because dissociation behind a shock wave proceeds at a finite rate,-
a transition zone exists in which the gas properties gradually approach
their equilibrium values at some distance behind the shock front. Similar

*
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relaxation zones exist for other degrees of freedom (such as vibration, d

electronic excitation, and ionization)but &is report is concerned only
with the effects of dissociation. P

Several tabulations of flow properties behind shock waves have been
published for air (refs. 1, 2, and 3). Although these calculations take
into account the increase in specific heat due to excitation of additional
degrees of freedom (includingdissociation), the gas is assumed to be in
thermal equilibrium; thus, the calculations do not apply in the relaxation
zone.

The approach to equilibrium is discussed in reference 1 and approxi-
mate expressions valid for small deviations from equilibrium are developed.
These expressions are exponential in character. The only treatment found
which was essentially different from that of reference 1 was that of refer-
ence 4 where expressions derived from kinetic-theory rate equations were
integrated to trace the course of the flow variables in the relaxation
zone.

This paper presents a method for calculating the variation in the
properties of a real gas in the relaxation zone behind a strong shock
wave as a function of the degree of dissociation. When numerical results
are desired, rate eqwtions can be introduced as a fbl step to ffnd the e

variation of the properties with distance behind the shock front.
~-

SYMROLS

al

D

speed of sound in air at 300° K, 3.475 X 104 cm/sec

dissociation ener~, 117,960 cal/mole for 02 and

225,080 cal/mole for N2

d distance behind shock, cm

No
G =— or 2.45 X 1019 m01ec~s

~T1 cm
atm-l for T1 = 300° K

, —.

g mole fraction

K equilibrimn constant based on partial pressures, atm

(molecules)
-1 -1 -

% specific reaction rate for dissociation,
3

sec
cm

P
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kr

E

No

P

R

-< ii

T

t

v

Hx

.$
~T

= , dimensionless

7.59x 10-12

1-

Y= /“D02 RT

specific reaction rate for recombination,
(w’:H2s~1

dimensionless velocity based on sound speed in undisturbed
gas, v/al

shock Mach number,
d
val

Avogadro’s nmnber, 6.025 x 1023 ‘O1~&s

pressure, atm

gas constant per unit mass, ~/vl

Cd-amdeg-l or ~~~cduniversal gas constant, 82 — . ~ deg-l
mole

where appropriate

gross reaction rate, molecules ~ec-l
3cm

temperature, ‘%

reaction time, sec

velocity relative to shock front, cm/sec

total concentration of atoms md molecules, molecules/c2

degree of’dissociation

dhnensionless enthalpy parameter, enthalpy divided by p/p

ratio of specific heats in undisturbed gas

molecular wei@t of undissmi.ated gas mixture, ~

density, ~/cE?
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[1
Subscripts:

1

2

a

r

A

M

N, N2

o, 02

R

concentration,molecules/cm3

conditions,inundisturbed gas

conditions at beginning of dissociation process

dissociation of molecule
—

component of gas mixture

recombination of atoms

atcm.icfarm

molecular form

atomic and molecular

atomic and molecular

rare gas

Superscripts:

e “equilibrium”value

I dissociation of 02,

II dissociation Of N2,

nitrogen, respectively
.=

o~gen, respectively

P

“Undissociated

completely dissociated
.

DEVELOPMENT OF ~ MBTEOD

The method for calculating the variation in the properties of a real
gas in the relaxation zone behind a strong shock wave is developed in
three main steps as follows:

(1) As in the example of reference 1, the normal-shock equations
for a gas with variable specific heat are developed in a form which
presents the flow properties as a function of the enthalpy parsmeter.
By usingam initial 7 of 1.4, the relations obtained have been numer-
ically evaluated over suitable ranges of shock Mach number and enthalpy- , .
parameter values; the results are presented in both tabular and graphical
form.

?-—.
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(2) For the case of air, enthalpy data from the literature have
been used to prepare two plots of the enthalpy parameter as a function
of temperature for arbitrarily chosen values of the degcee of dissocia-
tion. One plot applies to the dissociation of oxygen; the other, to the
dissociation of nitrogen. Curves representing a unique relation between
temperature, enthalpy parameter, and degree of dissociation behind a
shock wave have been found with the aid of the results of the first step
and are presented on the two enthalpy psmameter plots. Graphical repre-
sentations of the resulting dependence of the flow vsriables on degree
of dissociation me presented.

(3) F5?oxnthe assmned reaction-rate equations, expressions sre devel-
oped which give the dependence of the degree of dissociation (and there-
fore the flow variables) on the (or distance) behind a shock wave in air.

Normal-Shock Equations For a Gas With Vmiable Specific Heat

b order to establish the nomal-shock equations for a gas with
finite relaxation time due to dissociation, consider the flow as indicated
in tie following sketch:

Shock

Ideal gas flOW Relaxation zone Eq@librium

When a coordinate system fixed with respect to the shock wave is used,
the oncoming gas undergoes an abrupt change in flow variables upon passing
through the shock front. This change is followed by a gradual relaxation
zone h which’the flow variables at any point behind the shock wave are
related to the initial state parameters by:

Energy eqwtion:

(1)

—
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Momentum eq~t ion:

Continuity equation:

b eqution (1) the parameter ~
by the ratio p/p. For a perfect gas

P *. The value * for P=

shock wave since h most applications
gas flow. Combining equations (1) to
a Par*iallY dissociated gas, which iS

P
- = RT(l
P

NACA TN 3860

(2)

pv (3)

(ref. 1) is the enthalpy divided
with constant specific heat

is assumed to apply ahead of the

this gas is in the range of perfect
(3) tith the equationof state for

+ a) (4)
a

yields the following expression for the flow.velocity in the relaxation zone: ~

#

2p-1

sound ahead of
variables are

is the local velocity divided by the free-stream

the shock wave. The ratios of the corresponding

speed of

flow

(6)
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In

(1 + a)

number

7

(8)

equations (5) to (8) the variation

T
~

throughout the relaxation zone

of Z, P/PIj P/PIY =d

are, for a given shock Mach

Ml, wique~ related to the variation of B. All values of ~
—

must exist from the initial.value p = ~1 = ~ to the final value

Pe determined by the equilibrium conditions. The relations expressed
by equations (~) to (8) are applicable to any gas obeying the assumed
equation of state and are given in table I for a range of Ml from 1
to 20 sad p froIn3.5to 10.1. Typical curves are shown in figure 1.
For these calculations and curves the value 71 = 1.4 has been used.

The point corresponding to B = 3.5 in each case yields the usual perfect-
gas normal-shock results for air.

Determination of the Dependence-G

Variables on Degree of Dissociation
4

of $

in the

The variation of p in the relaxation zone

and the Flow

Relaxation zone

is establish by the
determination of r&action paths in the ~,T plane which conuect the
initial and equilibrium states and along which p, a, and T are
uniquely related. Ih order to do this, it is necessary to relate the a
and ~ values of a mixture to the a~ and ~~ of its components by

the following

Figure 2

i tiich are the

relations (ref. 1):

(9)

(lo)

(11)

shows PJ as a function of T for 02, 0, N2, and N,

principal constituents of partially dissociated air.
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Reference 5 was the data source for enthalpy
ence 6, above 8,~00 K. EOth sources assume

NACA TN 3860

below 8,0000 K and refer-
that rotatton, vibration,

and electronic excitation are in equilibrium. (Some new @j values

(ref. 7) %ihichdisagree with ref. 6 were published tiile this report was
in preparation. These data (ref. 7) are also shown in fig. 2.) For the
rare gases, a value of pj of 2.5 was used- The dissociation energies

were taken from references 8 and 9. The composition of ah was assumed
to be as follows: gN2 =0.7805; %2 SO.21O3; and gR =o.0og2.

Equations (9) and (10) show that a and ~ are not uniquely
related if more than one aj is a variable. Fortunately, the rates of

dissociation of nitrogen and oxygen are of dffferent orders of magnitude
(ref. 4) so that it is usually possible to treat the dissociation of
oxygen by ignoring the dissociation of nitrogen and to treat the dissoci-
ation of nitrogen by considering oxygen to be completely dissociated.
Ionization and the formation of nitric oxide have been neglected.

Dissociation of 02, N2 undissociated.- The first case considered
is 02 dissociated, N2 Undissociated. This condition is denoted by the

superscript I. From equation (9), *

a= gof-oa

From equations (lQ) and (11),

or, by introducing equation (12),

P; + c%2
P1 =

l+a

where

(12)

(13)

.
and

&+2Po-m2
fo2 = ~

v
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% Dissociation of N2, 02 completely dissociated.- The second case

consi~red is the dissociation of N2, 02 completely dissociated. This
* condition is denoted by the superscript 11. From equation (9),

a = 52 + gN2%2

From equations (10), (lJ_),and (14)

11 . P;=+ afN2
P

l+a

(14)

(15)

where

Figure 3 shows pl and Pn plotted against T at constant a.

For u = 0.21, 131= j3m for all values of T. If the same scale were

used in both parts of the figure, they could be joined along the a . 0.21
line to form a single plot.

For given values of Ml and Tl, there is only one point on each of

the curves of figure 3 which is consistent with the p,a,T relation shown
in figure l(d). A curve drawn through these points thus traces uniquely
in the 13,T plane the reaction path appropriate to the shock Mach number
and the initial temperature. Its course is independent of the initial
pressure except that it terminates on the curve for which a.= me. Since
CLe is a function of temperature and pressure, the length of a reaction
path depends on the pressure. Some typical reaction paths are shown in
figure 3. Also showm ti figure 3 are lines representing the relation
between me, Te, and pe. The intersection of one of these “equilibria”
isobars with a reaction path gives the terminal point on the reaction path

d
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for the value of pe concerned. Quotation marks are placed aroumd the #
word “equilibrium”to indicate that the equilibrium referred to is that
which would be attatied under the assumptions of cases I and II. The
“equilibrium” isobars were plotted from the relations (ref. 1, eq. (1.14)): s

(ae)*
K02 =4pe

P+ aek - a’)

KN2 = 4pe
(a’e-&*2

~+ ae)@N2 + ~, - ae)

The values of %2 and %2 are given in table II. Interpolation

find values not given in the table was done by using the relation

logK ~1/T

(16)

(17)

to

The information cbntained in the reaction paths is more clearly
illustrated by figures_4, 5, and 6, which are cross plots showing ~,
T, P/P~Y P/PIY and M as functions of Ml. On these figures any -

vertical line between two curves of constant a is a reaction path.
Some general trends of the effect of dissociation on the flow variables
are evident from figure 5. Tne temperature drop through the dissociation
region is almost constant (fig. 5(d)) for a given degree of dissociation.
FYessure increases slightly with dissoc~tion (fig. 5(b)) at low shock
Mach numbers, the increase becoming smaller as Ml increases. The changes

in density and velociti (figs. 5(a) and 5(c)) exhibit pressure-dependent
maxima as the shock Mach number increases. For example, a maximum change
in the density ratio occurs at about Ml = 10.5 when the equilibrium pres-

sure is 10-2 atmospheres and at about Ml = 13 when pe = 100 atmospheres,

The curves of figure 6 are s~ilar to those of figure 5 but, because
of the larger dissociation energy of N2, a greater m,nge of Ml values

would be required to obtain curves as ccmp~ete as those of figure 5.

Reference 10 asserts that for sufficiently strong shocks it is
possible for pressure to decrease in the relaxation region. Figures l(b) +
ad 3(a) show that, for air obeying the assumptions of case 1, this effect
should occux for shock waves that produce a temperature of the order of

P
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12,300° K behind the shock front after adjustment of translation, rota-
tion, vibration, and electronic excitation to equilibria. The corre-
sponding shock Mach number is 16.9. The shock Mach number at which this
effect would occur for case II is greater than the largest considered
herein (Ml =20). A more general argument for the possibility that a

reversal in sign of the pressure change (and also the density change)
occurs for sufficiently strong shocks is given in the a~endix.

Determination of the Dependence of the Flow Variables

on Distance Behind a Normal-Shock Wave

In order to determine the variation of the flow variables with
distance behind a normal shock wave, the time variation of the degree
of dissociation must be determined from reaction-rate eqwtions. .Unfor-
tunately, their correct forms are not known with certainty. The equations
used here are the same as those of reference 4 except for the assumption
that all reaction partners are equally effective. Dissociation is treated
as the result of a two-bdy collision in which only one of the bodies need
be an o~gen molecule and in which the specific rate for the reaction is
assumed to be the same for all partners. Recombination is treated shi-
larly, the difference betig that three-body collisions are tivolved and
two of the collision partners must be oxygen. According to these assump-
tions, the expression for the rate of change of oxygen concentration with
time during dissociation is

[1:02 =- ~.&[o]=k:~]2[X] -k:~~[X] =++=-: (18)

The k terms are specific reaction rates and are assmned tobe functions
of temperature only. The r terms with subscripts are gross reaction
rates for recombination and dissociation. The r term without a sub-
script is the net reaction rate.

Combining equations (6) and (8) with the gas law (eq. (4)) written
in the following form:

yield~ the
and M as

[1~T
P’x~

o

concentrations appearing in equation (18) in terms of a
follows:

(19)
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(20)

D

[102 =

At equilibrium the net reaction
hold:

(21)

rate is zero and the following relations

(23 )

Values of the equilibrium constamt are given in table 11. Values for
T= 8,~00 K were taken from reference”5@ Correction to latest value

of dissociation

log K by using

ener~ was accomplished by subtracting

the following values:

o .43431sD

1.98P
from

II AD, cal/mole

The value of D

ence 9. Values
culated from the equilibrium compositions of pure N2 and 02 given in

for 02 was taken from reference 8;,for N2, from refer-

of the equilibrium constant for T > 8,~0 K were cal-

reference 6. Correction to latest value of dissociation ener&y was made
for N2 0~, by using ~ = 53,5%0.

Similar relations can be determined for the dissociation of nitrogen
and are as follows:
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[1N
‘(a - Q’)

= Glqp) —
M

13

(25)

(26)

(27)

where ~X~ is given in equation (20).

Another problem in the a~lication of these rate equations is the
lack of well-established values for the specific reaction rates (k terms)
There are no experimental values and the theoretical estimates available
are not in good agreement, as is illustrated by the curves of figure 7

where loglo ~’ + 10 is plotted against +. The expressions for kd’

shown below are for 02 and were derived from the rate equations given

in the literature:

Source I Q’ I
Reference 1 (eq. (2.28))

I
1 e-Y
100 y I

Reference 4 (eq. (16)) I e-Y (approx.)1

Reference 11 (p. ~0) I &-y 1

This report

The expression from reference 11 differs from those in references 1
and k in two respects:

(1) It was not derived specifically for dissociation but rather for ●

a typical homogeneous btiolecular reaction between simple molecules.
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(2) The internal ener~ of the molecules is considered to be
able as activation energy; usually, only the translational ener~
taken in account.

386o

avail-
is

The ~ values used in this report were obtained from equation (23)

by,assuming that & is independent of temperature and has the order of

magnitude value %1 = 10-32(mole~~es/cm3)‘2sec-1~ The weak temperature

dependence of the atomic recombination rate as compared with the molecular
dissociation rate is pointed out in reference 4. Recombtiation rates for
atoms in general are usually of the order of magnitude chosen (refs. 12,

13, and14). The value of 41 (for N2) was obtained from equation (27)

by USing $1 = 3)-28=-1010-32(molecules/cm

With these assumptions regarding the specific reaction rates, the
gross reaction rates are

W%)2
I_ (q f(@2-~)(’+a )1&32
‘d-— P~

T
*

II GTlJfN2 (2 gN2+%2-

(5 )
)
a(l+a)

‘d ‘— T ‘1
*

The time required to traverse any small portion of the
from equation (18)

‘tI.r ~(i[oI)dT

10-32

(28)

(29)

(30)

(31)

reaction path is

(32)

*.

e

.

w
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In the cases examined,
[1

Lo along the reaction path was so nearly
dT

constant that the following expression was used:

(33)

where the average was taken over
varies slowly along the reaction

the temperature interval AT. Since =
path, the distance covered by a particle

in the the Atl is

fYil = al-& Atl (34)

hold for dissociation of N2. ” Im theSimilsr equations were found to
evaluation-of these equations for the specific cases to be &Lscussed
subsequently, AT was chosen to be some convenient temperature interval,
say 2000 K. The integral.in equation (33) was evaluated waphically.
T= and distance measured from the shock front were obtained by smming
the appropriate values of At and M.

As has been previously mentioned, the course of a reaction path is
indepen&nt of the initial pressure except h length. The net reaction
rate r , which is●given by the difference between equations (28) and
(29), is proportional to p12 when r: << r~. T!hisinequalia is always

satisfied at the initial point of the reaction path and is satisfied over
practically all the reaction path when the pressure and temperature are
such that “equilitiium”corresponds to practically complete dissociation
of the component concerned. Equations (33) and (34) show that t and d
are proportional to 11P1 when the above inequality holds and lead to the

useful observation that t and d calculated at one initial pressure
can, with certain limitations, be used at other pressures if th~- are
multiplied by the ratio of the first value of pl to the second value.

APPLICATION TO A MACH NWRER 14 SHOCKWAVE MOVING INTO

AlRAT ~= 300° K AND pl = lC)-4 ATMOSPHERES

The results of the previous sections are now applied to
ber 14 shock wave in air at 3000 K and 10-4 atmospheres. As

a Mach num-
has been
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previously discussed, the dissociation of

prior to the start of the dissociation of

to divide the calculation into two parts,

the dissociation of N2.

Dissociation of 02, N2

02 is essentially completed

N2. Hence, it is convenient

the dissociation

Undissociated

of 02

For the first part of the calculation, 02 is considered to

dissociated and N2, undissociated. Tabulation of the values of

~, P/P~J ~, and m along the Ml = 14 reaction path were made

figures 1 and 3(a). The strength of a N@ch 14 shock is about 24o
(fig. 5(b)) so that the “equilibrium”pressyre should be about

2.4 x 10-2 atmospheres. Fiwe 3(a) shows that the reaction path

be

T,

from

.-

inter-
sects the “equil~brium”iso&r at- & = 0021~”””Thus, the disso~iation of
02 is practically complete. At each chosen point the gross reaction

—

rates were calculated from equations (28) and (29) and their difference
was taken to find the net reaction rate. The the and distance variation
of T was then evaluated from equations (33) and (34).

Dissociation of N2, 02 Completely Dissociated

The treatment of the condition where N2 is dissociated and 02

completely dissociated is similar to the first case-except that the
“equilibrium”value of a had to be calculated since N2 does not
dissociate completely. This value was determined by plotting r~r and

11
‘r against a and reading off the value of ae from the titersection

of the two curves.

The numerical results obtained are given in table 111 and figure 8.
The time required for ~-percent completion of the dissociation of 02

-6at 2.4 X 10‘2 atmospheres is shown in @ble 111 to be 3.3 x 10 seconds;

the corresponding distance behind the shock is 1.8 X 10-1 centimeters. ““
The time required for w-percent completion_of the dissociation of N2

‘2 atmospheres is 2.9 x 10-2at 2.4 x 10 seconds; the corresponding dis-—
tance is 1.2 X 1(P centimeters.

The example described was chosen in order to illustrate well
types of calculations usually encountered and was not intended to

the
*

produce
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typical relaxation distances for Op and N2. W fact, there are no

typical relaxation distances, since the reaction rate is dominated by

the Ibltzmann fac~r e-DjfiT. This statement

distance obtained for dissociation of 02 c=

by raising the temperature.

All

and

o~

A comparison with the result of reference
the curves are for Ml = 14, T1 = 300° K,

sre plotted against t[02]2, wh~e [02]
2

means that any relaxation

also be obtained for N2

at the beginning of the dissociation process.

4 is made in figure 9.
and N2 undissociated

is the concentration of

This quantity is defined as:

p2-J2 = q,. ~ (35)

{
Dividing equation (29) by ~2] 2}2 and inserting the result in equa-

t ion

*

The

been
same

‘1+WQ2-V22=-
()%2 2 ()Y

%%)2
10-32 (36)

T

r: term in equation (18) is negligibly sm~ h this case and has

omitted. Equation (16) from reference h written h terms of the ssme
symbols is

d{ [%1/ [oil2}
~= -p=25(e02 - .)+ 4.79(a)+

7* ’(gN2]%@)2(’0’5 x lo-~fie- 5’;400

2

(l+d(~2 -~)&
--

(%)2 (’J(66)(l*~,xlo-E)@e-5
2

(37)
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One of the curves of figure 9 was taken directly from reference 4.
The other two were calculated by the method of this report, one by using
eqwtion (36) and the other by using equation (37). The use of equa-
tion (37) corresponds to the use of the specific rate from reference 4.
The difference remaining after the effect of the different choice of
specific rates is removed is attributed to the use in reference 4 of
fixed average values of 13j for the components of ah.

The large difference between the numerical results obtained here
and those in reference 4 illustrates the fact that current computations
of relaxation times must be regarded as hi@ly tentative.

CONCLUDING REMARKS

Generalized expressions and charts have been presented for the
temperature, pressure, density, and flow velocity behind a shock wave
that depend on the shock B%ch number, the initial state of the gas,
and an enthalpy parsmeter (the enthalpy divided by the ratio of pressure
to density). El%evariation of this enthalpy psrameter behind the shock
was related directly to variation of the degree of dissociation. *

Order-of-magnitudechemical reaction rates were used to Illustrate
the application of these results for the prediction of the variation of

--

flow properties with distance behind a Mach number 14 shock in air at
●

300° K ad 10A akspheres. This calculation yielded a relaxation
time (based on 90-percent completion of the composition change) of

3.3 x 10-6 seconds for oxygen. This relaxation time is much shorter
than that obtained in NACA TN 36%; however, if the ssme reaction rate
is used, the relaxation time agrees with that of NACA ~ 3634.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Vs., August 29, 1956.
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APPENDIX

AN ARGUMENT WHICH

DENSITY

The momentum
to give

Tlxis
same
from

BEEmQA

SHOWS THAT’DECREASING PRESSURE AND

SHOCK WAVE CAN BE CONSISTENT WITE

DECREASING TEMPERATURE

equation and the continuity equation can be cabined

dp = v%lp

relation shows that the sign of the—
as that of the density chsnge. The
the equation.of state:

pressure change iB
fo12.owingequation

da
l+a

(Al)

always the
is derived

(A2)

Under the assumptions of case I the effect of dissociation domhates
ordinary heat-capacity effects so that

dT =“cda (A3)

where c is a slowly varying

Consider the effect of a

negative parameter.

fixed change in a, da > 0, at a fixed
value of a but over a wide rsmge of T-values. The following assertions
can be tie:

(a) ~= constsmt > 0
l+a

where v~ >> v
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(C) At low Mach number it is known that the left-hand side of equa- ‘
tion (A2) is negative. This relation implies that

u

Iw’I*I
(d)IfareverssJ in trendof p and p relaxation occurs,

dp =0 and dp = O occur simultsmeously. At this point,

dT da.—=—
T l+a

(e) !thereversal in trend would require that
the left-hand side of equation ~A2) be
relation implies that

la<1+%1

These considerations show that a reversal of
and pressure changes can occur without a reversal

at high Mach number
positive. This

a

sign in the density r
in sign of the change

in t-qerature.
statements. For

Numerical values tekn from figure 5(d~ agree tith t~ese
example, when l+U= 1.02 & d&”=-0.00102:

—

J&L. 10-3
l+a

At ~,CKX1°K, C = -13,550 @

II
dT 13.83=— =
T 5,000

2.77 X1O-3 >*

At 16,cx)ooK, c = -78130 sad

IIg=
T &

= 0.5 X1O-3 <+

.
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The reversal temperature is different for each choice of a. For the
value chosen (a =0.02), it is Uj3000 K. For a = O, it is 11,200° K;
for a = 0.21, it is 12,500° K.

At 11,3~0 K, C = -11,080 and
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TAEuE II. - ~~I~IUM CONSTANTS RASED ON PARTIAL PRESSURES

—

!I

(

(

1[

1

1/
—

IQ2 for I KH2 for

1,no

2,m

2,500

3,000

3,X0

4,000

4,500

5,000

5,5~

6,000

7,000

8,000

O,(x)o

2,0C0

5,m

1.623 x m-n

4.413 x 10-7

2.070 x 10-4

1.246 X 10-2

2.398 x 10-1

2.182 X 10°

1.221 x 101

4.842x 101

1.498 x 102

3.848x 102

~.706x ~~

5.25 X 103

2.525 X 104

7.086X 104

1.976x &

L899x 10-10

4.817x 10-8

3.087 x 10-6

7.936x m-~

1.077 x 10-3

9. Q8 x 10-3

‘ 5.5zx lo-2

9.629x 10-1

8.54)3 XIOO

4.950 x 102

4.014 x ld

3.149X 104

.

●

.

.
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TAEI.iE111.- VARIATION OF FLOW PROPERTIES

BEHIND A NORMAL-SHOCK WAVE
—

[.
Ml = 14; T1 = 300° K; p~ = 10-4 Jatmospheres J

(a) 02 dissociation

p, atm P/Pl iiT, OK d, cmB t, seca

O.ocm x 10-6
.026
.o~o
.123
.19

9,140
9,000
8,800
8,600
8,koo
8,200
8,000
7,800
7,600
7,400
7,200
7,000
6,800
6,540

4.53
4.56
4.39
4.62
4.66
4.70
4.75
4.80
4.86
4.93
5.00
5.08
;.;;

.

0.0240
.0241
.0241
.0241
.0242
.0242
.0242
.0243
.0243
.0244
.0244
. 024~
. 024~
.0246

0.0000

.0016

.0043

.0075

.0115

.0166

.0229

.0310

.04m

.0574

.0799
● lu%
.1820

).0000

● 0120
.0280
.0450
.0610
.o@a
.0945
.Ulo
.1275
.1440
.1600
.1750
.1895
.2103

7.90

::%
8.04
8.12
8.20
8.3o
8.40
8.52
8.65
8.79
8.95
9.10
9.34

1.770
1.765
1.755
1.740
1.725
I.llo
1.688
1.665
L640
1.618
1.590
1.562
1.535
1.498

.275

.383

(b) N2 dissociation

t, sec

0.00 x 10-3
.08
.27
.68

1.44
2.99
6.35

13.34
28.69

m

3

1.498
1.470
1.430
1.393
1.350
1.303
1.262
1.221
1.178
1.148

P/PlT, % d, cmp, atma

6,54o
6,400

:;0%
5,800
5,600
5,400
5,200
5,~
4,870

0.0246
.0247
.0247
.0248
.0249
.0250
.0251
.0251
.0252
.0253

0.2103
.2155
.2235
.2320
.2400
.2485
.2570
.2650
.2730
.2792

5.28
5.37
5.52
5.66
5.82
6.00
6.18
6.37
6.58
6.73

9.34
9.52
9.80

10.08
10.39
10.75
11.10
11.47
11.88
12.18

:::
13.7
33.2
69.0

139.1
286.6
583.1

1212
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Figure l.- F1OW vsriables behind a normal shock wave
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Figure 1.- Concluded.
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6.2

5.E

5.4

5.0

. P=

4.6
.

4.2

3.8

3.4

------- Reaction path I
‘-’’Equilibrium” isobar I

a

i

‘\\\\\

3

0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
Temper ature, °K

(a) N2 undissociated.

Figure 3.- Euergy content of air as a function of temperature and degree
of dissociation. Reaction paths end “eqtilibriun” isobers. TI = 300° K.
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(b) 02 completely dissociated.

Figure 3.- Concluded.
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Figure &.- Energy content of air as a function of shock Mach number and
degree of dissociation. Reaction paths (vertical lines) snd
“equilibrium” isobars. T1 = ~0° K.
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Figure 4.- Concluded.
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